The circadian clock controls numerous physiological and molecular processes in organisms ranging from fungi to human. In plants, these processes include leaf movement, stomata opening, and expression of a large number of genes. At the core of the circadian clock, the central oscillator consists of a negative autoregulatory feedback loop that is coordinated with the daily environmental changes, and that generates the circadian rhythms of the overt processes. Phosphorylation of some of the central oscillator proteins is necessary for the generation of normal circadian rhythms of Drosophila, humans, and Neurospora, where CK1 and CK2 are emerging as the main protein kinases involved in the phosphorylation of PER and FRQ. We have previously shown that in Arabidopsis, the protein kinase CK2 can phosphorylate the clock-associated protein CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) in vitro. The overexpression of one of its regulatory subunits, CKB3, affects the regulation of circadian rhythms. Whether the effects of CK2 on the clock were due to its phosphorylation of a clock component had yet to be proven. By examining the effects of constitutively expressing a mutant form of the Arabidopsis clock protein CCA1 that cannot be phosphorylated by CK2, we demonstrate here that CCA1 phosphorylation by CK2 is important for the normal functioning of the central oscillator.
T
he 24-h periodicity of circadian rhythms enables organisms to coordinate their activities with the external light͞dark cycles by anticipating the coming of dawn or dusk. Circadian rhythms in plants include movement of organs, such as leaves and petals, stomata opening, hypocotyl growth, sensitivity of floral induction to seasonal day length changes, and expression of a large number of genes (for review, see ref. 1) . Circadian clocks are divided conceptually into three parts: the input signaling pathways, the central oscillator that is itself composed of an autoregulatory negative feedback loop, and the output signaling pathways from the oscillator to various clock-controlled processes. In Arabidopsis, two Myb-related transcription factors, CCA1 and its closely related homolog LATE ELONGATED HYPOCOTYL (LHY) are considered to be part of the central oscillator (2) (3) (4) (5) (6) (7) (8) . The phenotypes of the timing of cab 1 (toc1) mutants and TOC1-overexpressing plants also indicate a role for the TOC1 gene product in the central oscillator (5, 9, 10) . Taken together, these results suggest the existence of a regulation loop between CCA1͞LHY and TOC1 that could account for the central oscillator of the circadian clock in Arabidopsis.
We previously identified CKB3 as a CCA1-interacting protein (11) . CKB3 is a regulatory (␤) subunit of protein kinase CK2 in Arabidopsis. CK2 is a Ser͞Thr protein kinase that is expressed ubiquitously and is highly conserved. CK2 consists of two catalytic (␣) and two regulatory (␤) subunits, forming an ␣ 2 ␤ 2 heterotetrameric holoenzyme. CK2 can phosphorylate a wide variety of substrates including transcription factors (12) . Phosphorylation of transcription factors has been reported to modulate their DNA-binding activity, cellular localization, stability, and interaction with other proteins (13) (14) (15) . We previously showed that recombinant CK2 can phosphorylate CCA1 in vitro and that plant extracts contain a CK2-like activity that can phosphorylate CCA1 in vitro (11) . Moreover, the DNA-binding activity of CCA1 from plant extracts requires phosphorylation by CK2 (11) . Plants overexpressing CKB3 (CKB3-ox plants) are affected in the circadian rhythms of gene expression: the period of CCA1 and LHY mRNAs, as well as that of output genes, is shortened from 24 h to 20 h (16) . These results indicate that CCA1 phosphorylation by CK2 is important for the normal functioning of the circadian clock in Arabidopsis.
Phosphorylation of some of the components of the central oscillator is an important mechanism for regulating the circadian clock in Neurospora, Drosophila, and humans and affects their subcellular localization and turnover (17) (18) (19) (20) (21) . CK2 has been shown to be involved in regulating the circadian clock in Drosophila (22, 23) and to be an essential component of the Neurospora circadian clock (18, 24) . Further work on Neurospora suggested that FRQ phosphorylation by CK2 was differentially involved in the clock regulation of two different output genes, indicating distinct clock control by the FRQ protein, depending on its CK2 phosphorylation state (25) .
Here, by the analysis of transgenic plants overexpressing a novel mutant form of CCA1 that cannot be phosphorylated by CK2, we show that the circadian clock maintains its normal functioning when the overexpressed CCA1 protein does not undergo CK2 phosphorylation. Because we previously showed that overexpression of the wild-type form of CCA1 abolishes circadian rhythms (2), we propose that CCA1 phosphorylation by CK2 is necessary for its function in the central oscillator of Arabidopsis.
Materials and Methods
Plasmid Constructs for GST Fusion Proteins. CCA1 deletion mutants were made by digesting pGEX-CCA1 (11) and by religating them with oligonucleotides containing either start or termination codons. To obtain pGEX-mCCA1 (mCCA1 is mutated CCA1) from pGEX-CCA1, amino acid substitution mutants were made by PCR with oligonucleotides containing the substitutions, and mutations were confirmed by DNA sequencing. In detail, the substitutions were T13G and G15T for S5A; T16G and T18C for S6A; T1291G and G1293T for S431A; A1294G, G1295C, and T1296A for S432A; A1297G, G1298C, and T1299C for S433A; and T1450G for S484A.
imbibed and cold-treated at 4°C for 4 days before germination, and grown on soil at 22-24°C.
Production of Plants Overexpressing mCCA1. The entire mCCA1-coding region was cloned into the pBI121 vector (BD Clontech) under the dependence of the CaMV 35S promoter and the NOS terminator. The expression cassette 35S::mCCA1:NOS was subcloned into pHY-BAR, a Basta-resistance binary vector (gift from C. Lin, University of California, Los Angeles). This plasmid was used to transform Agrobacterium tumefaciens strain C58 with a heat͞cold treatment. Arabidopsis plants were transformed according to ref. 26 . Transgenic lines were selected by spraying a 1:1,000 dilution of Basta on 2-week-old plants. Homozygous T3 lines containing a single T-DNA insertion were used.
Generation of LHY-Specific Antibodies. LHY-specific polyclonal antisera were raised in rabbits against a GST-LHY protein fusion where the MYB DNA-binding domain of LHY was deleted (IMGENEX, San Diego) and used at a dilution of 1:5,000.
Protein Analyses. Plant protein extractions, Western blotting analysis, and protein quantification for CCA1, mCCA1, and LHY were performed as described (2) .
Measurement of Flowering Times. Plants were grown on soil in growth chambers under long days (16 h of light͞8 h of dark) or short days (8 h of light͞16 h of dark) conditions, as described (2) . The total number of leaves (including cauline leaves on the first inflorescence stem) was counted for 20 plants on the day the plant had a bolt of 1 cm.
RNA Extractions and RT-PCR.
RNA extractions and RT-PCR reactions were performed as described (2) . The primers used for the UBQ10, CAB2, and CCR2 genes are as described (2) . The primers used for the endogenous CCA1 gene were CCA1-EF (5Ј-GATTTCTCCATTTCCGTAGC) and CCA1-ER (5Ј-CTCCAGACGA AT T TGTCTCC). PCR products were analyzed as described (2) . For accuracy, each reaction was performed three times from two independent experiments.
Yeast Two-Hybrid Protein-Protein Interaction Assays. All assays were performed according to the manufacturer's instructions. The entire coding regions for CCA1, mCCA1, and CKB3, and deletion mutants for CCA1 and mCCA1, were cloned into the plasmids provided in the Matchmaker kit (BD Clontech). Fusion proteins were made between the activation domain of the B42 protein (AD) and CCA1 or mCCA1 full-length or deletion proteins, and between the DNA-binding domain of the LexA protein (LexA) and the full-length CKB3 or CCA1 proteins.
Electrophoretic Mobility-Shift Assays (EMSAs). GST-CCA1 and GST-mCCA1 were incubated with 0.1 ng of end-labeled A2 fragment of the Arabidopsis Lhcb1*3 gene (27) with 0.5 g of poly(dI-dC) at 25°C for 15 min. Plant extracts were incubated in preincubation buffer (50 mM Tris⅐HCl, pH 7.5͞2 mM MnCl 2 ͞5 mM DTT͞0.1 mM EDTA͞0.01% Brij 35) at 30°C for 45 min, then incubated with the A2 probe with 1 g of poly(dI-dC). DG (2,3-diphosphoglycerate, an inhibitor of both CK1 and CK2 protein kinases) and phosphatase treatments have been described (11) . The EMSA buffer and the electrophoresis conditions have been described (27) . DNA-protein complexes were detected by autoradiography.
Results
Identification of CK2 Phosphorylation Sites in CCA1 and Synthesis of mCCA1, Which Cannot be Phosphorylated by CK2. To investigate the importance of CCA1 phosphorylation by CK2 for its function in the circadian clock, we produced a mutant form of the CCA1 protein that cannot be phosphorylated by CK2. We identified the sites in CCA1 that are phosphorylated by CK2 in vitro. As diagrammed in Fig. 1A , CCA1 protein contains 21 putative CK2 phosphorylation sites (S͞T XX D͞E). We made GST fusion proteins harboring N-terminal and͞or C-terminal deletion mutants of CCA1 and tested which could be phosphorylated by CK2 in vitro (Fig. 1B) . Among them, both an N-terminal fragment (amino acids 1-12) and a C-terminal fragment (amino acids 317-525) of CCA1 were found, indicating that these fragments contained residues that were actual targets of CK2 in vitro (Fig.  1B) . Using mass spectroscopy, we confirmed Ser-5 and -6, as well as one or more of four additional serine residues (Ser-431, -432, -433, and -484) as being phosphorylated by CK2 in vitro (data not shown). We substituted nucleotides in CCA1 so that these six serine residues were changed into alanine residues to make a new protein, mCCA1. We performed in vitro CK2 phosphorylation assays with increasing amounts of GST-CCA1 or GST-mCCA1 proteins as substrates. The results shown in Fig. 1C demonstrate that these substitutions virtually eliminated mCCA1 phosphorylation by CK2 in vitro.
Generation of Plants Overexpressing mCCA1.
To compare the consequences of the overexpression of CCA1 and mCCA1 on circadian rhythms, we produced lines of plants overexpressing mCCA1, and identified a line (mCCA1-ox plants) that produces as much mCCA1 as CCA1-ox o34 produces wild-type CCA1 (2). We checked that as in the case of CCA1-ox plants, mCCA1-ox plants show a constant and high level of protein from the construct, as detected by Western blot using anti-CCA1 antibodies, in every condition that plants were grown (data not shown). chose this line for further studies. The expression level of the introduced genes in these two latter lines matches the peak expression level of CCA1 in the wild-type plants, indicating that in CCA1-ox plants, the major effect of overexpression of CCA1 is more likely to take place at times when CCA1 is at its trough in wild-type plants.
Unlike Overexpression of CCA1, Overexpression of mCCA1 Does Not
Abolish Circadian Rhythms in the Central Oscillator. Plants overexpressing CCA1 show no circadian rhythms, including arrhythmia in the expression of the endogenous CCA1 gene, as well as the repression of its transcription to a level matching its trough level in wild-type plants (2) . To test whether CCA1 phosphorylation by CK2 is involved in this negative feedback loop, we monitored the expression of the endogenous CCA1 gene in wild-type, CCA1-ox, and mCCA1-ox plants. Fig. 2A shows that under constant light, the period length, phase, and amplitude of endogenous CCA1 mRNA circadian oscillations in mCCA1-ox plants were very similar to those in wild-type plants, whereas constitutive expression of CCA1 suppressed the rhythmic expression of endogenous CCA1. Additionally, we note that the decay in the endogenous CCA1 gene mRNA is slowed in mCCA1-ox plants. CCA1-ox plants also display abolished circadian rhythms of the closely CCA1-related gene LHY, and the LHY mRNA and protein levels match the trough levels in the wild-type plants (2) . Fig. 2B shows that under LL, protein levels of LHY exhibited the same circadian oscillations in mCCA1-ox plants as in wild-type plants, whereas its production was severely reduced in CCA1-ox plants. These results demonstrate that CCA1 phosphorylation by CK2 is necessary for CCA1 overexpression to repress the functioning of the central oscillator.
Abolish Circadian Rhythms of Output Genes. If CCA1 is a component of a negative feedback loop that is an integral part of the circadian clock, the circadian rhythms of output genes should reflect those of CCA1. To test the existence of a functioning circadian clock in mCCA1-ox plants, we monitored the circadian expression of two output genes, CAB2 and CCR2, which differ in their phase of expression, indicating that they are regulated at distinct times by the circadian clock. Overexpression of the wild-type form of CCA1 abolishes the circadian oscillations of CAB2 and CCR2 mRNAs (2). In contrast, Fig. 3 shows that under constant light conditions, both CAB2 and CCR2 transcripts continue to oscillate in mCCA1-ox plants with the same phase and period as in the wild-type plants, although the Fig. 2 . The relative levels of CAB2 (A) and CCR2 (B) mRNA were normalized to the lowest value of the wild-type samples. For both panels, the white and the hatched bars indicate light and subjective dark periods in LL, respectively. Each reaction was performed three times from two independent experiments with similar results.
amplitude in CCR2 mRNA oscillations were somewhat reduced. Thus, CCA1 phosphorylation by CK2 is essential for the constitutively produced protein to abolish the circadian rhythms of the output genes.
Phenotypes That Have Multiple Determinants Are Not as Profoundly
Affected as the Rhythms Themselves. Overexpression of mCCA1 does not delay flowering as much as does overexpression of CCA1. Photoperiodic flowering is influenced by the circadian clock in Arabidopsis (2, 3, (28) (29) (30) . Overexpression of CCA1 substantially delays flowering under short days and long days (2) . As shown in Fig. 7 , which is published as supporting information on the PNAS web site, mCCA1-ox plants also show a delayed flowering phenotype under short days and long days, although the delay is less pronounced than in CCA1-ox plants. Fig. 6B shows that the extent of the delay in flowering of mCCA1-ox plants is proportional to the amount of mCCA1 protein produced, as previously described for CCA1-ox plants (2), demonstrating that both proteins are functional proteins.
Overexpression of mCCA1 does not reduce viability as much as does overexpression of CCA1. Circadian rhythms provide organisms a way to anticipate daily and seasonal environmental changes (31) . The adaptive advantage of circadian rhythms has been demonstrated in cyanobacteria, antelope ground squirrel (Ammospermophilus leucurus), and chipmunks (Tamias striatus) (32) (33) (34) , and was recently demonstrated in Arabidopsis (35, 36) . Plants that have lost the anticipation of dawn because of abolished circadian rhythms, such as CCA1-ox plants or plants overexpressing LHY (LHY-ox), show a greatly reduced viability under very short days (4 h of light͞20 h of dark) (35) . Fig. 8A , which is published as supporting information on the PNAS web site, shows that under long days, mCCA1-ox plants display the same survival rate as wild-type plants and CCA1-ox plants. Although the flowering time of mCCA1-ox plants and CCA1-ox plants was significantly delayed compared to wild-type plants, overall growth and development were similar in these conditions. Fig. 8B shows that mCCA1-ox plants did not show the same impairment of survival as CCA1-ox plants did under very short days. Whereas CCA1-ox plants survive very poorly under these conditions (Ͻ5% of plants surviving 4 weeks after sowing), mCCA1-ox plants display a much higher survival rate (55% of plants surviving 4 weeks after sowing). In addition, mCCA1-ox plants look as healthy as wild-type plants in very short days, and eventually flowered, although much later than wild-type plants, whereas CCA1-ox plants grew very poorly and quickly started dying. This finding is consistent with previous observations showing that despite the loss of circadian oscillations for the endogenous CCA1 gene, CCA1-ox plants remain responsive to light under light͞dark photoperiods but are not able to anticipate dawn (35) . Fig. 2 A shows that under light͞dark conditions and unlike CCA1-ox plants, mCCA1-ox plants have only partially lost this anticipation: the rise of the endogenous CCA1 gene mRNA before lights are turned on is reduced but not abolished. These results show that this overall adaptive advantage of a functioning circadian clock also depends on CCA1 phosphorylation by CK2.
Overexpression of mCCA1 leads to a long hypocotyl͞long petiole phenotype, as does overexpression of CCA1. Inhibition of hypocotyl growth occurs with a circadian rhythm (37) . As a result, the disruption of circadian rhythms can lead to a long hypocotyl phenotype, as seen in the elf3 mutant and CCA1-and LHY-ox plants (2, 3, 37) . There are as yet no such data for petiole growth, although both CCA1-and LHY-ox plants show elongated petioles (data not shown). As for the flowering phenotype described earlier, the increase in length seen in the long petiole͞ long hypocotyl phenotypes of CCA1-ox plants is proportional to the amount of CCA1 protein in the different lines (data not shown and ref. 2). We found the same correlation concerning the length of petioles and hypocotyls in mCCA1-ox plants (data not shown). These results suggest that CK2 phosphorylation is dispensable for the CCA1 function in the regulation of petiole and hypocotyl elongation.
Mutations in mCCA1 Do Not Alter Interaction with CKB3 but Do Alter
Interactions with CCA1. Phosphorylation of transcription factors by CK2 has been shown to modulate their ability to interact with proteins (14) . To further explore the differences in phenotypes obtained in mCCA1-ox plants compared to CCA1-ox plants, we addressed the ability of mCCA1 to interact with CKB3 and the wild-type form of CCA1. We constructed N-terminal deletions of CCA1 and mCCA1 to identify the domains of CCA1 and mCCA1 that are responsible for the interactions. Fig. 4A shows that mCCA1 can interact physically with CKB3; the domain responsible for the interaction with CKB3 is in both CCA1 and mCCA1 comprised between amino acids 317 and 608. Fig. 4A also shows that the six point mutations in mCCA1 do not prevent the interaction with CKB3. Hence, a weaker or absent interaction between mCCA1 and CKB3 cannot account for the mCCA1-ox phenotype.
The formation of dimers of clock components is known to be a key point in the function of the central oscillator in Neurospora and mammals (38) (39) (40) (41) . To address the importance of a CCA1͞ CCA1 homodimer in the regulation of the circadian clock, we performed yeast two-hybrid assays between the full-length CCA1 protein, and full-length or deletions of CCA1 and mCCA1 proteins. Fig. 4B shows that CCA1 can interact physically with itself. A very strong ␤-galactosidase activity was monitored with two copies of the full-length CCA1 protein. The domain responsible for this interaction is between amino acids 100 and 317. When these experiments were performed with mCCA1, the interaction strength was reduced dramatically; it was 7.7-fold weaker with full-length mCCA1 than with full-length CCA1. Fig. 5 shows that 24 h after transfer to LL (24LL), wild-type plants contain an activity that binds to the A2 fragment but is absent from plant extracts from the cca1-1-null line, indicating the presence of CCA1 in this complex. When the plant extracts were treated with -phosphatase or with DG, formation of the complex was inhibited. This complex is present in plant extracts from CCA1-ox plants at 24LL, and at a time when it is not detected in the wild-type plants (36LL), showing that the CCA1 DNAbinding activity is constant in CCA1-ox plants. Both -phosphatase and DG treatments of CCA1-ox plant extracts abolish the formation of the complex at time points 24LL and 36LL, indicating the dependence on CK2 phosphorylation for the formation of the complex in CCA1-ox plants. The complex is present at 24LL in mCCA1-ox plants. It depends on CK2 phosphorylation because -phosphatase and DG treatments abolish it, but it is not present at 36LL. mCCA1 protein is present at high levels at all times (data not shown). Therefore, the complex at 24LL must only contain the wild-type form of CCA1, and not mCCA1. In addition, the absence of the complex at 36LL indicates that mCCA1 cannot be part of the complex. These results show that phosphorylation by CK2 is required for the formation of the DNA-protein complex containing CCA1 in plant extracts.
Discussion
Although there are several examples of phosphorylation by CK2 of clock components in animals and Neurospora (22) (23) (24) (25) , little is known about this topic in plants. We have shown that CK2 can phosphorylate two components of the central oscillator in Arabidopsis, CCA1 and LHY (11, 16) . We also showed that the CCA1-DNA-binding activity extracted from plants required phosphorylation by CK2 (11) . Moreover, we artificially increased CK2 kinase activity in CKB3-ox plants and linked this overexpression to altered circadian rhythms, where components of the central oscillator (CCA1 and LHY), as well as four output genes (CAB2, CCR2, CAT2, and CAT3), showed shorter mRNA circadian oscillations than in the wild-type plants (16) .
Our results here that compare CCA1-ox plants with mCCA1-ox plants show that CCA1 phosphorylation by CK2 is necessary to abolish circadian rhythms in CCA1-ox plants, indicating its importance in CCA1 function in the regulation of the circadian clock in Arabidopsis. The endogenous CCA1 gene expression is not altered at the mRNA level by the overexpression of mCCA1 ( Fig. 2 A) ; hence, the wild-type form of the CCA1 protein is most probably also oscillating and being phosphorylated by CK2 as in the wild-type line, and therefore normal circadian rhythms are observed (Fig. 3) . Meanwhile, the mCCA1 protein is produced at a constant high level, indicating that CCA1 phosphorylation by CK2 is required for its regulation of circadian rhythms. The preliminary data in Fig. 9 and Supporting Text, which are published as supporting information on the PNAS web site, show that overexpression of mCCA1 in the cca1-1 null background leads to the same phenotypes as in the wild-type background. In Neurospora, a mutant form of the FRQ protein that affects its phosphorylation by CK2 differentially influences its circadian regulation of two output genes, one being arrhythmic and the other behaving as in the wild-type strain (18) . However, the CK2 phosphorylation of this mutant FRQ was not abolished (25) , and the differences in regulation could be due to this partial loss of CK2 phosphorylation. Overexpressing the wild-type form of CCA1 or mCCA1 leads to different phenotypes. These disparities are due to the differences in the phosphorylation state of the CCA1 protein. Increased amounts of the phosphorylated form of CCA1 are therefore responsible for abolishing circadian rhythms in CCA1-ox plants, whereas high levels of mCCA1 do not abolish them in mCCA1-ox plants, confirming the importance of in vivo CCA1 phosphorylation by CK2 for its circadian oscillator function.
Our results further suggest that CCA1 phosphorylation by CK2 in CCA1-ox plants is not involved in the elongated hypocotyl and petiole phenotype and that it is not necessary for, but enhances the delay in flowering time. Changes in flowering time, as well as hypocotyl growth rate and eventually height, can sometimes be attributed to a disturbed circadian clock (2, 3, 37) , but this correlation does not always hold, as previously shown in the case of the toc1-1 mutant (42, 43). Although we do not know of any evidence other than that presented here concerning the petiole phenotype, it seems logical that as for flowering time and hypocotyl growth, petiole growth is likely to involve other pathways in addition to ones regulated by the circadian clock. Because delayed flowering, long hypocotyl, and long petiole phenotypes are observed both in CCA1-and mCCA1-ox plants, we propose that the phosphorylation of CCA1 by CK2 is not necessary for these phenotypes.
We have considered the possible roles of CCA1 phosphorylation by CK2 for its function in the circadian oscillator. Phosphorylation of transcription factors by CK2 has been shown to influence their interaction with other proteins, DNA-binding activity, turnover rate, and nuclear localization (13) (14) (15) 24) .
CCA1 interacts with a variety of proteins, including catalytic and regulatory subunits of CK2, LHY, and CCA1 itself (ref. 11, this study, and data not shown). Fig. 4 shows that although the interaction of CCA1 with CKB3 is not influenced by the mutations in mCCA1, they dramatically reduced the strength of the CCA1͞CCA1 interaction. In mCCA1-ox plants, the inter- action between the endogenous CCA1 protein and the mCCA1 protein may not be strong enough to hinder the proper function of CCA1 and to disrupt circadian rhythms. Although we do not yet have direct evidence that CCA1 phosphorylation is taking place or is hindered for mCCA1 in yeast, we had shown that CKB3 from Arabidopsis is functional in yeast and can restore CK2 activity from a ck2 mutant yeast strain (11) . The data presented here may indicate a need for CCA1 to be phosphorylated by CK2 to form a homodimer and could partly account for the mCCA1-ox phenotype.
Phosphorylation of transcription factors by CK2 was shown to modulate their DNA-binding activity (13) . The DNA-binding activity of CCA1 may be impaired by the mutations in mCCA1, as expected from results in ref. 11 that showed the dependence on CK2 phosphorylation for CCA1 to bind DNA. If this is true, mCCA1 is expected not to bind promoters that are normally targeted by CCA1 after its phosphorylation by CK2. Fig. 5 demonstrates that this is indeed the case for the Lhcb1*3 promoter and suggests a similar scenario concerning other CCA1 target promoters. These data are consistent with previously published observations. Phosphorylation of recombinant CCA1 was reported not to enhance the CCA1 DNA-binding activity (11) . In addition, the DNA-protein complex from plant extracts containing CCA1 migrates slower than the complex using only E. coli-produced CCA1, showing that plant extracts contain other factor(s) that are needed for the formation of this complex in planta. Hence, comparing recombinant CCA1 and mCCA1 abilities to bind the A2 fragment was not the best route, and we chose to use plant extracts to perform EMSAs.
Phosphorylation of transcription factors can target them for degradation in Arabidopsis (44) . Degradation of Drosophila and Neurospora PER clock proteins depends on their phosphorylation (18, 21, 45) . If CCA1 degradation depends on its phosphorylation by CK2, the degradation rates of the two forms of CCA1 may be different, as phosphorylation by CK2 could for example target CCA1 for degradation.
In mammals and Drosophila, phosphorylation of the clock protein PER was shown to be important for its nuclear localization (19, 46) . CCA1 accessibility to its target promoters obviously depends on its nuclear localization and could rely on its phosphorylation by CK2. Therefore, only the wild-type form of CCA1 would be able to regulate the transcription of the target genes when translocated to the nucleus, whereas the mCCA1 protein might be sequestered in the cytoplasm. Then, the mCCA1-ox plants would be expected to show differences in transcription of clock-controlled genes compared to the CCA1-ox plants.
One or more of the above possibilities could account for the differences observed between CCA1-and mCCA1-ox plants, and further experiments will be needed to decipher the molecular mechanisms involved. Nonetheless, the dependence on CCA1 phosphorylation by CK2 for its ability to form an homodimer and to bind one of its target promoters have been shown here. Our results demonstrate clearly that CCA1 phosphorylation by CK2 is necessary for the normal functioning of the circadian clock in Arabidopsis.
